In the present study, rice husk ash, which is a renewable and abundant material, was utilized as a carrier for lipase immobilization for the fi rst time. Poly (ε-caprolactone) synthesis was successfully achieved by the new enzymatic catalyst: Candida antarctica lipase B immobilized onto surface-modifi ed rice husk ashes by covalent binding. It was aimed to obtain optimum polymerization conditions at which highest molecular weight was reached and characterize the polymer produced. Moreover, thermal stability and effectiveness of the new biocatalyst in non-aqueous media were also shown with successful polymerization reactions. In addition, by using the new enzyme preparation, ε-caprolactone was able to be polymerized even at 30 o C, which was promising for an energy saving process. Consequently, this work provides a new alternative route for poly (ε-caprolactone) synthesis.
INTRODUCTION
Among aliphatic polyesters, poly (ε-caprolactone) (PCL) became an attractive material for biomedical applications as a result of its biocompatible, biodegradable, and permeable nature 1, 2 . In general metallic catalysts are used to polymerize ε-caprolactone (ε-CL) via ring opening. However, metallic residues that could not be fully removed after reaction, may cause harmful effects for medical implementations 2, 3 . Enzymatic polymerization overcomes this problem by avoiding toxic residues in the product. Moreover, enzymes provide mild reaction conditions, high enantio-and regio-selectivity and they can be easily recycled 2, 4 . ε-CL has been polymerized via various type of lipases such as Porcine pancreatic lipase, Candida rugose lipase, Pseudomonas fl ourescens lipase, and Candida antarctica lipase B (CALB) by this time 3 . Among these lipases Candida antarctica lipase B and its acrylic resin immobilized form (Novozyme 435 ® ) are known with their effi ciencies and high catalytic activities during PCL synthesis 5 . During polymer synthesis, which is carried out under harsh conditions (such as high reaction temperature, long reaction time, and solvents used during reaction) for a biocatalyst, it is troublesome to keep enzyme active and stable
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. However, by immobilization, enzyme activity and stability can be improved, enzyme can be recovered at the end of the reaction and reused 6, 7 . There are a variety of methods used to immobilize enzymes. Three of the most common are adsorption, entrapment, and covalently binding to a support material with a cross-linking agent. Adsorption involves the enzyme being physically adsorbed onto the support material, often a polymer matrix or an inorganic support. Entrapment involves entrapping enzyme in either the lattice structure of a material or in polymer membranes. This usually minimizes enzyme leaching and improves stabilization, but frequently results in transport limitations of substrate to the enzyme active site. Enzymes may also be immobilized through cross-linking of the protein to an insoluble support to prevent the loss into the substrate solution, or covalent binding to a functionalized support 8-10 .
Rice husk ash has a silica content of 95% of its dry weight and shows amorphous silica properties which make it a suitable porous support material for lipase immobilization
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. Moreover, by the silanization of Si-OH groups on the surface of rice husk ash, the ash turned to more active for immobilization process 12 . In this study, a new alternative immobilized CALB (im-CALB) was employed for PCL synthesis. Immobilized biocatalyst was previously obtained by the covalent binding of CALB onto a renewable carrier, rice husk ash, which was modifi ed by silanization of its surface to enhance immobilization process. PCL synthesis was carried out in toluene medium under nitrogen atmosphere for various reaction temperatures and periods. Also, different enzyme concentrations were tried. Moreover, polymerization performance of new biocatalyst was compared with free CALB and Novozyme 435 ® . Molecular weights were obtained from Gel permeation chromatography (GPC) and chemical structures were characterized by Fourier transform infrared spectroscopy (FTIR) and Hydrogen nuclear magnetic resonance spectroscopy ( 1 H NMR). For the thermal analysis of PCL samples, Thermal gravimetric analysis (TGA) and Differential scanning calorimetry (DSC) were applied. Surface morphologies were characterized by Scanning electron microscopy (SEM).
MATERIAL AND METHODS

Material
The free form of CALB (Lipozyme ® ) and Novozyme 435 ® were kindly provided by Novozymes (Denmark) and used as received. Rice husks were supplied by a rice production company (Edirne, Turkey). They were washed with distilled water and burned at 600-650°C for 6 hours to obtain rice husk ash (RHA). Surface modifi cation of RHA was achieved by the silanization agent 3-aminopropyl triethoxysilane (3-APTES) (99%, Merck). Glutaraldehyde (25%, Merck) was used to covalently bind enzymes to the surface-modifi ed RHA. ε-caprolactone was obtained from Alfa Aesar and stored over molecular sieves before polymerization to avoid water. Toluene was purchased from Merck and used as a solvent in polymerization reactions. Chloroform was used for termination of the polymerization reaction and provided from Sigma Aldrich. For precipitation of the polymer, methanol was used and it was obtained from Merck. All other chemicals were analytical grade and provided either from Merck and Riedel de Häen.
Surface Modifi cation of Rice Husk Ash
Surface of the renewable silica-based enzyme carrier, rice husk ash, was modifi ed by silanization reaction with 3-APTES. 250 mg of rice husk ash was mixed with determined amount of 3-APTES in 5 mL acetone. The mixture was incubated in shaking water bath at 50°C and 160 rpm for 2 hours. At the end of the reaction, surfacemodifi ed ash was washed with distilled water to remove unreacted compounds and dried at 60°C for 2 hours.
CALB Immobilization onto Rice Husk Ash
CALB was immobilized onto surface-modifi ed rice husk ash via covalent binding with glutaraldehyde. Surface-modifi ed rice husk ash was mixed with calculated amount of glutaraldehyde in 25 mL sodium phosphate buffer solution (pH 7, 0.015 M) at room temperature for 2 hours. At the end of the reaction, the product was washed with distilled water and fi ltered under vacuum. After that, it was dispersed in 25 mL of same sodium phosphate buffer containing determined amount of free CALB (570 mg/mL) at room temperature for 5 hours. The immobilized enzymes were fi ltered and washed with the same sodium phosphate buffer and dried overnight at 30 o C. Activity and protein content of im-CALB were determined by titrimetric and spectrophotometric methods, respectively 13. Immobilization effi ciency was calculated from the ratio of protein coupled to the carrier and protein loaded 13 .
PCL Synthesis via Immobilized CALB
Ring opening polymerization (ROP) of ε-CL was carried out by immobilized CALB (im-CALB). Reactions were performed in 1 g of toluene under dry nitrogen. ε-CL to toluene ratio was 1:2 (w:w) and enzyme concentration (ratio of enzyme to monomer) was 20% in weight. Reaction medium was stirred at 120 rpm with a magnetic stirrer. Reactions were carried out at 30, 40, 60, and 80 o C for 6, 24, 48, 72, and 120 hours. Reactions were terminated by the addition of excess chloroform to the mixture. Enzyme was separated from the reaction mixture by fi ltration. Then, chloroform was evaporated. After that, by the use of cold methanol, polymer was precipitated. The polymer sample was washed with methanol and fi ltrated. Then, the sample was dried overnight at 30 o C. Each reported value was the mean of three experiments at least, and the standard deviation was within ca. ±5%. Also all results are reproducible.
Characterizations
Polymer samples were analyzed by FTIR in order to defi ne the chemical structure and verify them to be PCL by comparing with characteristic IR bands of PCL. In addition, surface modifi cation of rice husk ashes was also confi rmed by FTIR. Each sample was analyzed by KBr pellet. The spectra were recorded by at least 32 scans with a resolution of 2 cm -1 in a FTIR spectrophotometer (Perkin Elmer).
Thermal characterization of polymer samples and rice husk ashes were carried out by TGA on 5-10 mg samples by heating from room temperature to 1000°C at 10°C/min under nitrogen using a Seiko TG/DTA 6300.
Further thermal properties were determined by DSC (SEIKO 7020). Under inert nitrogen atmosphere 10-15 mg samples were analyzed. The materials were exposed to thermal cycles (heat-cool-heat). 
In Equation1, ∆H°m is the melting enthalpy of PCL where it has 100% crystalline structure and its value is 139.3 J/g 14 . GPC was used for the determination of molecular weights and polydispersity indexes (PDI) of PCL samples. Measurements were carried out by Agilent 1100 model GPC apparatus which was calibrated based on polystyrene standard. Tetrahydrofuran (THF) was used as an eluent with a fl ow rate of 1 mL/min. Before injection, all samples were fi ltered via 0.45 μm fi lter syringe. 1 H NMR was applied for the determination of molecular weight and molecular structure of polymer samples (Bruker Ultrashield 300 MHz). Deuterated chloroform (CDCl 3 ) was used as a solvent during analysis. 1 . (2) In equation 2, M ε-CL is the molecular weight of ε-CL, I 4.07 and I 3.65 are the integrated peak areas 16 . Surface morphology of polymer samples were observed by SEM (JEOL JSM-6390LV). Samples were coated with platinum before observation. Analysis was performed at 5 kV with different magnifi cations.
RESULTS AND DISCUSSION
Surface modifi cation and immobilization results
Surface modifi cation of RHA by 3-APTES was characterized by TGA analysis. Weight losses of neat RHA (1.03%) and surface-modifi ed RHA (2.20%) were compared at 190 o C, at which 3-APTES evaporates 17, 18 . The difference between the weight loss percentages shows that surface modifi cation was achieved successfully (Fig. 1) . Moreover, FTIR analysis was also carried out for neat and surface-modifi ed rice husk ashes. Appearance of peaks around 3050 cm -1 showed the addition of -NH 2 groups to the surface by treatment with 3-APTES (Fig. 2) 17 .
After immobilization of free CALB onto surface-modifi ed RHA, im-CALB was obtained with an immobilization effi ciency of 90%. The activity of im-CALB was measured as 2050 U, with an only 20% loss after immobilization.
Enzymatic polymerization results
Monomer conversions (gravimetric), number average molecular weights (M n ), and polydispersity indexes (PDI) of PCL samples at different temperatures were given in Table 1 depending on reaction time.
It can be clearly seen from Table 1 For both temperature series it was common that, molecular weights and monomer conversions were decreased after certain reaction periods. This was mainly resulted from the shift of reaction to the inverse side by degradation activity of CALB. CALB used for ROP of ε-CL is also responsible from degradation of PCL 19 . To summarize, highest molecular weight (11580 g/mol) was obtained at 40 o C at the end of 24 hours. Furthermore, molecular weights of polymer samples synthesized at 30 o C were considerably high for a polymerization reaction. This makes the process low energy consuming besides being environmentally friendly. On the other hand, im-CALB was capable to catalyze polymerizations at 80 o C as effi ciently as at other temperatures. Such an enzymatic activity at a relatively high temperature shows the thermal stability of new biocatalyst.
Also, monomer conversions were proportional with molecular weights (Table 1) . Highest monomer conversion was reached at 30 o C at the end of 72 hours reaction period. However, after only 24 hours at both temperature series, monomer conversion reached to considerably high rates. Moreover, reaction speed at 80 o C was the highest. At this temperature 62.0% monomer conversion was reached at the end of 6 hours. On the other hand, monomer conversions were tended to decrease after certain reaction times which was a result of reversible reaction 19 . Moreover, PDI values were obtained around 1.5 or even less which was considerably narrow (Table 1) 20 .
Characterization of polymer samples
Characterizations were carried out for the polymer sample with highest molecular weight which was obtained at the end of 24 hours reaction at 40 o C. FTIR spectrum of polymer sample was shown in Figure 3. The infrared bands of polymer sample synthesized by im-CALB were consistent with characteristic infrared bands of PCL, which were asymmetric CH 2 bonds at 2945 cm -1 , symmetric CH 2 bonds at 2866 cm . This situation proved that the synthesized polymer was PCL.
Chemical structure of polymer sample was further characterized by 1 H NMR spectroscopy. The zoomed spectrum between 4.25 ppm and 3.5 ppm range was shown in Figure 4 . The chemical shifts (ppm) at this range were as follow: 4.07 ppm (t, CH 2 O) and 3.65 ppm (t, CH 2 OH, end group) which were characteristic for PCL 22 . Moreover, molecular weight of the PCL sample was also calculated from 1 H NMR spectrum. M n, NMR value was obtained as 11495 g/mol by using Equation 2.
For the thermal characterization of polymer sample, TGA and DSC analyses were applied. TGA and DSC curves were given in Figure 5 and 6, respectively.
As clearly seen from TGA curves (Fig. 5 ), degradation temperature (T d ) of PCL sample was determined as 403.5 o C. This result showed that, PCL synthesized with this new immobilized lipase had a high thermal stability.
Moreover, DSC was also applied for the determination of T m , ∆H m , and X c values of PCL sample (Fig. 6) . As seen from DSC thermogram (endodown graphic), T m value was obtained as 55 o C. This low T m value made the polymer sample easily reshaped. From the area of melting peak, ∆H m was computed as 93.56 J/g. By using , crystallinity percentage (X c ) was calculated as 67%, which showed that polymer sample had a semi--crystalline structure.
Surface morphology of polymer sample was observed by SEM analysis. SEM images for different magnifi cations were shown in Figure 7 .
As seen from Figure 7 , the polymer sample had a foamlike structure. It can be safely suggested that the PCL sample can be used for tissue engineering successfully since its structure is suitable for cell attachment and growth 23, 24 .
Effect of enzyme concentration on polymerization
Effect of enzyme concentration on polymerization was investigated for the best synthesis conditions of the im-CALB. In addition to 20% (w:w) enzyme concentration which was used in serial polymerization reactions, 2.5, 5, and 10% (w:w) concentrations were also tried. Since a higher enzyme concentration was not economic, polymerizations with higher enzyme concentrations (>20%) were not performed.
Polymerization results obtained with different enzyme concentrations at 40 o C for 24 hours was given in Table 2 . It can be clearly seen from Table 2 that, highest molecular weight and monomer conversion were obtained when im-CALB was used with a concentration of 20%
As seen from Figure 8 . Furthermore, at these conditions im-CALB 
Comparison with Commercial Lipases
At best polymerization conditions, PCL synthesis was also carried out by using commercial lipases; Lipozyme ® and Novozyme 435 ® (Fig. 8 ).
catalyzed reaction resulted in an 11580 g/mol molecularweighted PCL with 83.8% monomer conversion which was close to one that was obtained via Novozyme 435 ® catalysis. This result indicated that, the new immobilized lipase was as active as Novozyme 435 ® which is known with its high catalytic activity for the ROP of ε-CL
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.
CONCLUSIONS
In this study, a by-product of rice production, rice husk, was utilized for lipase immobilization. We have extended our studies by showing a worthwhile application of our recently developed immobilized lipase. It was purposed to achieve ring opening polymerization of ε-CL via CALB immobilized on surface-modifi ed rice husk ash by covalent binding (im-CALB). By using this enzyme highest molecular-weighted PCL was successfully obtained at 40 o C after 24 hours reaction as 11580 g/mol. This molecular weight was very close to the PCL sample synthesized via Novozyme 435 ® at same reaction conditions. To date, Novozyme 435 ® was widely used for this process with high effi ciency. Presently by this work, im-CALB can be safely suggested as an alternative biocatalyst for PCL synthesis. Low PDI values, high molecular weights and conversions showed the effi ciency of the new enzyme. In addition, ability of catalysis over a wide range of temperature, 30-80 o C, showed the thermal stability of enzyme which was obtained by immobilization.
PCL sample was deeply characterized to prove the structure and other properties. The chemical composition was verifi ed to be PCL by FTIR and 1 H NMR analyses. By TGA and DSC analyses, its superior thermal properties were characterized and the PCL sample was shown to be highly thermal stable and easily to be manufactured. Moreover, SEM pictures showed that, synthesized PCL had a suitable structure to be used for tissue engineering applications. Consequently, this work makes possible a new route for PCL synthesis by suggesting a new lipase immobilized onto a renewable carrier in addition to providing a low energy consuming and green process.
